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Tuesday, February 10, 2015 365ause this framework to address three fundamental questions: (i) when a cell
should prefer thresholding to a graded response; (ii) when there is a fitness
advantage to implementing a Bayesian decision rule; and (iii) when retaining
memory of the past provides a selective advantage. We specifically find that:
(i) relative convexity of enzyme expression cost and benefit influences the
fitness of thresholding or graded responses; (ii) intermediate levels of measure-
ment uncertainty call for a sophisticated Bayesian decision rule; and (iii) in dy-
namic contexts, intermediate levels of uncertainty call for retaining memory of
the past. Statistical properties of the environment, such as variability and cor-
relation times, set optimal biochemical parameters, such as thresholds and
decay rates in signaling pathways. Our framework provides a theoretical basis
for interpreting molecular signal processing algorithms and a classification
scheme that organizes known regulatory strategies and may help conceptualize
heretofore unknown ones.
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Flagellated bacteria, such as Escherichia coli, perform directed motion in gra-
dients of concentration of attractants and repellents in a process called chemo-
taxis. Transmembrane chemoreceptors, which bind attractants and repellents,
control the activity of the histidine kinase CheA, which phosphorylates the
cytoplasmic response regulator CheY. Phosphorylated CheY binds to FliM in
the flagellar motors. This binding controls the direction of the rotation of the
motors, and hence the motion of the cell.
E. coli chemotaxis is a model for signal transduction. However, this signaling
system features very large abundances of the proteins involved, compared to
those of analogous or homologous systems. Estimating the timescales of the
pathway enables us to trace the need for this large number of chemotaxis pro-
teins to the specific requirement of the chemotaxis system for fast response. We
also show that further constraints arise from the requirements of self-assembly,
both of flagellar motors and of chemoreceptor arrays.
A surprising fact is that the abundance of all the chemotaxis proteins significantly
increases in poorer medium, while their proportions are conserved. Artificially
over-expressing chemotaxis proteins in a concertedmanner has been shown to in-
crease chemotactic efficiency. Employing a chemotaxis pathwaymodel, we show
that the gain of the pathway at the level of the response regulator CheY increases
upon concerted over-expression of the chemotaxis protein abundances. This in-
crease of the gain could allow cells to become sensitive to even smaller changes
of concentrations of attractant, whichmay be beneficial in poor nutritional condi-
tions. Besides, over-expression yields higher cooperativity of receptor teams,
which could further contribute to increasing the sensitivity of the pathway. We
also demonstrate that physiological proportions yield near-optimal gain, and
that the pathway is robust to variations in abundance of the motor protein FliM.
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The development of more efficient and specific in vitro differentiation proto-
cols is hampered by the inherently heterogeneous cellular response to lineage
specifying signals. Here, we used our recently developed single-cell RNA-
seq method [1] and single-molecule FISH [2,3] to quantify the variability in
transcriptional states of thousands of individual mouse embryonic stem cells
during differentiation with retinoic acid. After a fast initial response cells ex-
hibited delayed commitment to differentiation followed by a bifurcation into
an ectoderm-like and an extraembryonic endoderm-like transcriptional state.
Notably, many cells assumed an extraembryonic endoderm-like state through
an ectoderm-like intermediate. In contrast to the current belief that cells are
initially refractory to lineage specifying signals we found that an early, short
retinoic acid pulse was able to influence the lineage decision while the cells
were not yet committed. Additionally, gene expression variability, as quantified
by the entropy per gene, showed a non-trivial dynamical behavior: while the
accepted paradigm states that the entropy of the whole system should decrease
monotonically during differentiation, we found that the average entropy per
gene first decreased before it increased towards its global maximum at the
end of the differentiation time course. Interestingly, this variability ‘‘bottle-
neck’’ coincided with the point of commitment beyond which cells were not
able to return to their pluripotent initial state. In conclusion, our study demon-
strated that the first few hours of a differentiation protocol can be critical for thelineage decision. This observation is vital for the scientific community inter-
ested in improving differentiation protocols.
[1] Soumillon, Cacchiarelli, Semrau et al., 2014, biorxiv: http://dx.doi.org/
10.1101/003236 (under review)
[2] Raj et al., Nat Methods, 2008, vol. 5 (10), pp. 877-879
[3] Semrau et al., Cell Reports, 2014, vol. 6 (1), pp. 18-23
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The development of organs from stem cells is a complex process determined by
spatial and temporal control mechanisms, to create well defined and complex
3D structures. In this process, a homeostasis between the processes of cell di-
vision and cell death is required. Executable biological models describe signal-
ling and developmental processes at a high level of abstraction, allowing for
mechanistic behaviour to be modelled in the absence of precise kinetic infor-
mation. However, the physical process of 3D growth in the development of
an organ is harder to abstract. Here we present a hybrid model of the develop-
ment of the C. elegans germline from a pool of stem cells. The model combines
a description of signalling and developmental processes using an executable
model, developed in the BioModelAnalyzer tool (http://biomodelanalyzer.
research.microsoft.com/), with a physical model of cell interactions described
using Brownian dynamics simulation. This tool uniquely allows us to study the
dynamics of organ development and growth, and here we will present new pre-
dictions arising from this model. We show how thermal mixing of the stem cell
population presents a barrier to clonal dominance through tracking of cell lin-
eages. By abstracting the new model, we demonstrate how invariant fate pro-
gression in developing cells is achieved in a complex, multi-stable system.
Finally, we use the model to explore how different physical mechanisms of
cell signalling, division and apoptosis are compatible with known behaviours.
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Bacteriophage lambda begins its infection cycle by ejecting its DNA into its host
E. coli cell, afterwhich either the lytic or lysogenic pathway is chosen, resulting in
different cell fates. In this study, using a new technique tomonitor the spatiotem-
poral dynamics of the phage DNA in vivo, we found that the phage DNAmoves
via twodistinctmodes: localizedmotion andmotion spanning thewhole cell.One
or the other motion is preferred depending on where the phage DNA is ejected
into the cell. Through the phageDNA trajectories, we quantified the diffusion co-
efficient. Moreover, phage DNA motion is the same in the early phase of the
infection cycle, irrespective of whether the lytic or lysogenic pathway is fol-
lowed; hence, cell-fate decision-making appears not to be correlated with the
phageDNAmotion.However, after the cell commits to one pathway or the other,
phage DNAmovement slows during the late phase of the lytic cycle and remains
the sameduring the entire lysogenic cycle. Throughout the infection cycle, phage
DNA prefers the regions around the quarter positions of the cell.
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Mechanotransduction pathways convert forces that stress and strain structures
within cells into gene expression levels that impact development, homeostasis,
and disease. The levels of some key structural proteins in the nucleus, cytoskel-
eton, or extracellular matrix have been recently reported to scale with tissue- and
cell-level forces or mechanical properties, and so the mathematics of mechano-
transduction becomes important to understand. Here, we show that if a given
structural protein positively regulates its own gene expression, then stresses
need only inhibit degradation of that protein in order to achieve stable, mecha-
nosensitive gene expression. This basic ‘use it or lose it’ module is illustrated
by application to meshworks of nuclear lamin A, mini-filaments of myosin II,
and extracellular matrix collagen fibers - all of which possess filamentous
coiled-coil/supercoiled structures. Past experiments not only suggest that ten-
sion suppresses protein degradation mediated and/or initiated by an enzyme,
but also that transcript levels vary with protein levels as key transcription factors
are regulated indirectly by these structural proteins. Coupling between modules
366a Tuesday, February 10, 2015occurswithin single cells and between cells in tissue, as illustrated during embry-
onic heart developmentwhere cardiac fibroblastsmake collagen that cardiomyo-
cytes contract.With few additional assumptions, the basic module has sufficient
physics to control key structural genes in both development and disease.
Platform: Ion Channel Regulatory Mechanisms
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M-type Kþ channels, comprised of KCNQ2-5 (Kv7.2-7.5) subunits, play key
roles in the regulation of neuronal excitability in the nervous system. In diverse
neurons, L-type Ca2þ channels (LTCCs) drive transcriptional regulation via
NFAT transcription factors, and in sensory neurons, TRPV1 cation channels
excite neurons in response to heat, acidity or chemical ligands, driving nocicep-
tion. The A-kinase-anchoring protein (AKAP)79/150 has been shown to
orchestrate regulation of all three types of channels by PKC, PKA, calcineurin
and NFATs. Using stochastic optical reconstruction microscopy (STORM)
super-resolution microscopy, we have directly visualized individual signaling
complexes containing AKAP79/150, these three ion channels and G protein-
coupled receptors in neurons and tissue-culture cells. Using multi-color
STORM, we observe AKAP150-mediated clustering of KCNQ, LTCCs and
TRPV1 channels at the single-complex level. Thus, AKAP79/150 links
different channel types together, raising the possibility of their functional, as
well as physical, coupling. In sensory neurons, capsaicin caused PIP2 hydroly-
sis by TRPV1 activation. In neurons isolated from AKAP150þ/þ mice, brief
application of low concentrations of capsaicin (100 nM), which we believe trig-
gers only local PIP2 depletion, induced ~40% suppression of M-current (IM),
suggesting close localization of TRPV1 and M-channels, the latter thus sup-
pressed by TRPV1-induced local PIP2 depletion. However, in AKAP150-/-
neurons, IM was not affected by this modest activation of TRPV1 channels,
implying the critical role of AKAP79/150. Application of the LTCC blocker,
nifedipine, but not the N-type Ca2þ channel blocker, u-conotoxin GVIA,
significantly suppressed desensitization and tachyphylaxis of TRPV1 currents,
suggesting the functional coupling of LTCCs with TRPV1 channels, consistent
with their physical coupling at the single-complex level seen with STORM.We
thus find AKAP79/150 mediates physical and functional coupling of these three
ion channels in sensory neurons, indicating physiological roles in tuning the
nociceptive response to painful stimuli.
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CRAC channels are opened by binding of the ER calcium sensor STIM1 to the
C-terminus of the channel subunit Orai1. Previous functional experiments sug-
gested a tetrameric channel stoichiometry, but the crystal structure of
Drosophila Orai is a trimer of dimers, with each C-terminus forming a
coiled-coil with its neighbor. This raises two fundamental questions: what is
the stoichiometry of the CRAC channel, and does STIM1 bind to individual
or pairs of C-termini to open it? To address these questions, we constructed
hexameric concatemers of Orai1. Orai1 hexamers produced currents with prop-
erties that were indistinguishable from native ICRAC, including Ca2þ selec-
tivity, Ca2þ-dependent inactivation, and modulation by 2-APB. The
inhibitory effects of single L273D mutations confirmed that all 6 subunits
participated equally in forming the functional channel.
STIM1-Orai1 binding was studied using E-FRET between STIM1-YFP and
CFP-Orai1. While the Orai1(L273D) C-terminus alone did not bind STIM1,
it enhanced binding when paired with a neighboring WT C-terminus. To
compare how monomer vs dimer binding are coupled to channel opening, we
constructed hexamers with a single truncated or L273D C-terminus. The trun-
cated hexamer showed significantly less activity than the L273D mutant,
arguing against a pure monomeric gating mode.
The relationship between STIM1 occupancy and channel activation was exam-
ined using Orai1 hexamers containing 1-3 STIM-binding mutations (producing
1-3Orai1 heterodimers per channel). For both strong (L273D) andweak (L286S)
inhibitory mutations, channel activity was well described by a model that as-
sumes independent and equal energetic contributions from each heterodimer.
In summary, we present the first functional evidence that hexameric Orai1
channels have the same properties as native CRAC channels. Our data suggest
that STIM1 binds pairs of Orai C-termini and opens CRAC channels as a trimer
of dimers, with each dimer contributing a constant amount of gating energy.1838-Plat
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Human bestrophin 1 (hBest1) is a calcium-activated chloride channel from the
retinal pigment epithelium, where mutations are associated with vitelliform
macular degeneration, or Best disease. We describe the structure of a bacterial
homolog (KpBest) of hBest1 and functional characterizations of both channels.
KpBest is a pentamer that forms a five-helix transmembrane pore, closed by
three rings of conserved hydrophobic residues, and has a cytoplasmic cavern
with a restricted exit. From electrophysiological analysis of structure-inspired
mutations in KpBest and hBest1, we find a sensitive control of ion selectivity
in the bestrophins, including reversal of anion/cation selectivity, and dramatic
activation by mutations at the cytoplasmic exit. A homology model of hBest1
shows the locations of disease-causing mutations and suggests possible roles in
regulation.
1839-Plat
HCN Channels: The Molecular Basis for their cAMP-TRIP8b Regulation
Andrea Saponaro1, Chiara Donadoni1, Sofia R. Pauleta2, Francesca Cantini3,
Manolis Matzapetakis4, Gerhard Thiel5, Lucia Banci3, Bina Santoro6,
Anna Moroni1.
1Biosciences, University of Milan, Milan, Italy, 2REQUIMTE/CQFB,
Department of Chemistry, New University of Lisbon, Lisbon, Portugal,
3CERM, Department of Chemistry, University of Florence, Florence, Italy,
4ITQB, New University of Lisbon, Lisbon, Portugal, 5Membrane Biophysics,
Technical University of Darmstadt, Darmstadt, Germany, 6Department of
Neuroscience, Columbia University, New York, NY, USA.
Hyperpolarization-activated cyclic nucleotide-regulated (HCN1-4) channels
are involved in the regulation of several higher order neural functions, such
as short- and long-term memory processes (1). HCN channels are exquisitely
sensitive to endogenous levels of cAMP, since they directly bind cAMP
through a specialized domain in their cytoplasmic C-terminus (cyclic nucleo-
tide binding domain, CNBD) (2). In addition to cAMP, HCN channels are
further regulated by TRIP8b, their brain-specific auxiliary subunit. TRIP8b an-
tagonizes the effect of cAMP on HCN channel opening, as it interacts with the
CNBD of the channel (3). We employed solution NMRmethodologies to deter-
mine the 3D structure of the human HCN2 CNBD in the cAMP-free form, and
mapped on it the TRIP8b interaction site. Thus, we were able to reconstruct, for
the first time, the molecular mechanisms underlying the dual regulation of HCN
channel activity by cAMP-TRIP8b (4). Furthermore, site-directed mutagenesis
followed by biochemical/biophysical analysis allowed us to identify key resi-
dues within the CNBD involved in TRIP8b binding. These new structural infor-
mation will provide deeper insights into the molecular basis of neurological
disorders associated with dysfunction of the HCN channel conductance in neu-
rons, potentially leading to the design of drugs able to modulate HCN channel
mediated memory processes.
1) Nolan MF, Malleret G, Dudman JT, Buhl DL, Santoro B, Gibbs E, Vron-
skaya S, Buzsa´ki G, Siegelbaum SA, Kandel ER, Morozov A. (2004), Cell
119(5):719-732.
2) Wainger BJ, DeGennaro M, Santoro B, Siegelbaum SA, Tibbs GR. (2001),
Nature 411(6839):805-10.
3) Hu L, Santoro B, Saponaro A, Liu H, Moroni A, Siegelbaum S. (2013), J Gen
Physiol 142:599-612.
4) Saponaro A, Pauleta SR, Cantini F, Matzapetakis M, Hammann C, Donadoni
C, Hu L, Thiel G, Banci L, Santoro B, Moroni A. (2014), PNAS Sep 2. pii:
201410389. [Epub ahead of print].
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The regulation of L-type Ca2þ channels by protein kinase A (PKA), though bio-
logically crucial, has long remained mechanistically storied and complex, as
studied in native cells at one extreme, and through in vitro biochemistry at
the other. Here, we adopt a different tactic and focus initially on an intermediate
context, using ideas drawn from synthetic biology and live-cell biochemistry.
We set out to create a form of PKA modulation in L-type channels, based on
our recent findings that: (a) calmodulin (CaM) competes for binding at a chan-
nel C-terminal ‘IQ’ domain with an ‘ICDI’ module in the C-terminal extremity
